In this study, a gelatin microparticle-containing self-microemulsifying formulation (SMF) was developed using a spray-drying method to enhance the oral delivery of the poorly water-soluble therapeutic dutasteride. The effect of the amount of gelatin and the type and amount of hydrophilic additives, namely, Gelucire ® 44/14, poloxamer 407, sodium lauryl sulfate, Soluplus ® , Solutol™ HS15, and D-α-tocopheryl polyethylene glycol 1000 succinate, on the droplet size, dissolution, and oral absorption of dutasteride from the SMF was investigated. Upon dispersion of the gelatin microparticle-containing SMF in water after spray-drying, the mean droplet size of the aqueous dispersion was in the range of 110-137 nm. The in vitro dissolution and recrystallization results showed that gelatin could be used as a solid carrier and recrystallization inhibitor for the SMF of dutasteride. Furthermore, combination of the gelatin microparticle-containing SMF and Soluplus enhanced the dissolution properties and oral absorption of dutasteride. The results of our study suggest that the gelatin microparticle-containing SMF in combination with Soluplus could be useful to enhance the oral absorption of dutasteride.
Introduction
Self-microemulsifying formulations (SMFs) consisting of oil, surfactant, and/or cosurfactant (cosolvent) provide a good solvent system for poorly water-soluble active pharmaceutical ingredients and a large oil/water (o/w) interface area, thereby incorporating active pharmaceutical ingredients into oil droplets. 1, 2 Presently, SMFs have become an enhanced strategy for the improvement of the oral delivery of various active pharmaceutical ingredients. 3, 4 Importantly, the liquid state of an SMF must be solidified for the development of a solid dosage form with enhanced stability, reproducibility, and improved patient compliance. 5 The extrusion/spheronization or wet granulation method has been employed to prepare solid forms of SMFs based on the adsorption principle using an adsorbent such as colloidal silica (Aerosil ® 200) and magnesium aluminometasilicate (Neusilin ® ). 6, 7 The spray-drying process is a onestep method using a solid carrier such as alginate, hydroxypropylmethyl cellulose, lactose, or sodium carboxymethylcellulose to form microspheres, microparticles, and microcapsules. [8] [9] [10] [11] [12] The present study was conducted to develop a gelatin microparticle-containing SMF for enhancing the oral delivery of the poorly water-soluble therapeutic dutasteride. Dutasteride is widely used for the treatment of symptomatic benign prostatic hyperplasia by oral administration as a soft capsule formulated with monoglycerides and diglycerides of caprylic/capric acid. However, the oral bioavailability of the 
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Baek et al commercial product in humans is only 40%-60% due to its extremely low aqueous solubility (below 0.038 ng/mL at 25°C). 13 In our previous study, we developed and optimized a dutasteride-loaded SMF containing Capryol™ 90, Cremophor ® EL, and Transcutol ® HP, based on a D-optimal mixture design.
14 In the present study, a gelatin microparticlecontaining SMF was developed using a spray-drying method. The effect of the amount of gelatin, the type and amount of the hydrophilic additives, namely, Gelucire ® 44/14, poloxamer 407, sodium lauryl sulfate, Soluplus ® , Solutol™ HS15, and D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS), on the droplet size, dissolution, and oral absorption of dutasteride from an SMF was investigated.
Materials and methods
Dutasteride and gelatin (type A) were obtained from Dr Reddy's Laboratories Ltd and Geltech Co Ltd, respectively. Cremophor EL (polyoxyl 35 hydrogenated castor oil), poloxamer 407 (ethylene oxide-propylene oxide block copolymer), and Soluplus (polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer) were kindly donated by BASF Co Ltd. Capryol 90 (propylene glycol monocaprylate) and Transcutol HP (purified diethylene glycol monoethyl ether) were kindly donated by Gattefosse. TPGS and finasteride (internal standard) were purchased from Eastman Chemical Company and Sigma Chemical Company, respectively. Acetonitrile, ethanol, and methanol were of high-performance liquid chromatography (HPLC) grade.
Preparation of gelatin microparticlecontaining sMF of dutasteride
The gelatin microparticle-containing SMF was developed by a spray-drying method using a Buchi 191 nozzle type mini spray-dryer. First, dutasteride was completely dissolved in a mixture of Capryol 90, Cremophor EL, and Transcutol HP.
This combination was selected based on our previous study. 14 This solution was added to a gelatin solution with or without the hydrophilic additive Gelucire 44/14, poloxamer 407, sodium lauryl sulfate, Soluplus, Solutol HS15, or TPGS. The detailed composition of the solutions for fabrication of the gelatin microparticles is described in Table 1 . The resulting solution was delivered to the inner line of the nozzle at a flow rate of 3-6 mL/min using a peristaltic pump and was solidified under the following conditions: inlet temperature, 110°C-130°C; outlet temperature, 65°C-80°C; and atomization air pressure, 5 kPa.
characterization of gelatin microparticlecontaining sMF of dutasteride
The morphology of the gelatin microparticles was visualized using a scanning electron microscope from JEOL Ltd. The particle size and size distribution of the gelatin microparticles were characterized using a Helos laser diffraction spectrometer from SYMPATEC Ltd. For measurement of the droplet size in water, the gelatin microparticle-containing SMF was dispersed by gentle mixing in 25 mL of distilled water at 37°C. The resulting emulsion was incubated for 60 minutes at room temperature before samples were taken for measurement of droplet size using an ELSZ-1000 dynamic light scattering device from Otsuka Electronics. The drug content in the gelatin microparticles was determined by HPLC analysis. About 20 mg of the gelatin microparticles were dissolved in 50% methanol solution. All samples were analyzed using a Waters HPLC system equipped with a Waters 600 controller pump, a Waters 717 Plus autosampler, and a Waters 486 tunable absorbance detector. The mobile phase was acetonitrile/water (60:40, v/v) at a flow rate of 1.0 mL/min. All chromatographic analyses were performed on a Luna C18 analytical column (5 μm, 4.6 mm ×250 mm) from Phenomenex with detection at 210 nm. The dissolution 
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Dutasteride-loaded gelatin microparticles profiles of dutasteride from the gelatin microparticles were determined at 37°C and 50 rpm in 300 mL of pH 1.2 dissolution medium using a USP rotating paddle apparatus from Electrolab. At predetermined intervals, 3 mL samples were collected for analysis and replaced with 3 mL of fresh dissolution medium after each sample collection. samples from various time points were filtered using a 0.11 μm syringe filter followed by dilution with methanol, and the amount of drug dissolved in each sample was determined by HPLC.
effect of gelatin on recrystallization of dutasteride in a supersaturated solution
To investigate the effect of gelatin on the recrystallization of a supersaturated dutasteride solution, dutasteride was dissolved in methanol at a concentration of 3 mg/mL. A 1 mL aliquot of the dutasteride solution was added to 300 mL of pH 1.2 dissolution medium containing various gelatin concentrations and agitated with a USP rotating paddle apparatus set at 37°C and 100 rpm. Samples (2 mL) were removed at various time intervals and filtered using a 1.2 μm syringe filter. The filtered samples were diluted with methanol and the concentration of dutasteride was determined by HPLC.
Pharmacokinetic study
The animal study protocol was in compliance with the institutional guidelines for the care and use of laboratory animals and was approved by the ethics committee of Kyungsung University (Busan, Korea). Fifteen male Sprague-Dawley rats (250±10 g) from Orient Bio Inc were divided into three treatment groups of five rats each. Prior to the study, the rats were fasted for 18 hours and each group received a physical mixture or gelatin microparticles at dutasteride doses of 2 mg/kg (dose/rat weight) for each formulation by oral administration. The physical mixture of dutasteride with Soluplus as surfactant was prepared by simple mixing at a drug to surfactant ratio of 1:5. The physical mixture and the gelatin microparticles were dispersed in 1 mL of water immediately prior to oral dosing. Approximately 0.35 mL blood samples were withdrawn from the retro-orbital plexus of the rats at 0, 0.5, 1, 2, 3, 4, 8, 12, and 24 hours after dosing and collected in heparinized tubes. Plasma samples were obtained by centrifugation at 10,000 rpm for 5 minutes (4°C). Plasma dutasteride concentrations were determined by liquid chromatography with tandem mass spectrometry according to our previously reported method. 15 Pharmacokinetic analysis of the data was carried out using WinNonlin Standard Edition version 5.3 software. The area under the curve (AUC 0→24h ) was calculated according to the trapezoidal method. The peak plasma concentration (C max ) and time to reach C max of dutasteride in plasma were taken directly from the data. Statistical analysis of the dissolution data and pharmacokinetic parameters was performed using a one-way analysis of variance test followed by the Student-Newman-Keuls and least-squares difference tests with Statistical Package for the Social Sciences version 21.0 software.
Results and discussion
In this study, a gelatin microparticle-containing SMF was developed using a spray-drying method. The effect of the amount and type of gelatin and the amount of the hydrophilic additives, Gelucire 44/14, poloxamer 407, sodium lauryl sulfate, Soluplus, Solutol HS15, and TPGS on the droplet size, dissolution, and oral absorption of dutasteride from the SMF was investigated. The gelatin microparticle-containing SMF was well developed by spray-drying as observed by scanning electron microscopy ( Figure 1 ). As shown in Table 2 , 
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Baek et al all particles showed irregular spherical sizes with similar volumes and mean particle size (9-11 μm) without significant differences between the gelatin microparticles (P.0.05). This result indicates that the morphology of the gelatin microparticle-containing SMF was not influenced by the amount or type of gelatin or the amount of surfactants used. The drug content in each gelatin microparticle was almost equal to that of the theoretical values as shown by HPLC analysis. Further, no indication of chemical degradation of the drug was observed during the spray-drying process. Upon dispersion of the gelatin microparticle-containing SMF in water after spray-drying, the mean droplet size of the aqueous dispersion was 110-137 nm (Table 2 ). In addition, the low polydispersity index of less than 0.3 in all formulations indicated a narrow and homogeneous size distribution of the droplets. Generally, the droplet size is a critical factor in the self-emulsification process because a smaller droplet size yields a larger interfacial surface area for drug absorption and allows a faster rate of drug release. 16, 17 In this study, no significant difference was found between the tested compositions (P.0.05).
The dissolution profiles of the gelatin microparticlecontaining SMF were evaluated in pH 1.2 dissolution media (G1-G4). To compare the difference between the dissolution profiles obtained from various compositions, the dissolution profiles were characterized using the percent dissolution efficiency as defined by Khan and Rhodes. 18 The dissolution efficiency for all prepared gelatin microparticle-containing SMFs was calculated from the area under the dissolution curves at 120 minutes and expressed as a percentage of the area of the rectangle described by 100% dissolution within the same time period (Table 2 ). The effect of the amount of gelatin on the dissolution of dutasteride from the gelatin microparticle-containing SMF is shown in Figure 2 . For G1-G4 particles, the release of dutasteride from the gelatin microparticles had a maximum dissolution of more than 90% within 30 minutes. The drug release from G1 and G2 gradually decreased to about 60% at 120 minutes. Interestingly, the drug release at 120 minutes increased with increasing amount of gelatin, although no significant Notes:
a Drug content (%) = weight of loaded drug/weight of the feeding drug ×100. b Particle size of the respective gelatin microparticle-containing self-microemulsifying formulation in the solid state was measured using a helos laser diffraction analyzer. c Droplet size of the gelatin microparticle-containing self-microemulsifying formulation in the dispersed state was measured using dynamic light scattering techniques. f Polydispersity index as an estimation of the particle size distribution width is dimensionless. Data are expressed as the mean ± standard deviation (n=3-4). 
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Dutasteride-loaded gelatin microparticles differences between G3 and G4 particles were found. Since the enhanced drug release with increasing amount of gelatin might be attributed to inhibition of drug precipitation from the supersaturated state induced by the SMF, the inhibitory effect of gelatin on recrystallization of dutasteride was investigated in pH 1.2 dissolution medium. As shown in Figure 3 , dutasteride rapidly precipitated from methanol in pH 1.2 dissolution medium without gelatin. However, recrystallization of dutasteride was significantly inhibited by gelatin at 1 mg/mL and 5 mg/mL. In fact, gelatin, as a precipitation inhibitor, provided prolonged supersaturation of dutasteride, which suggested that mechanisms including inhibition of nucleation and/or crystal growth from a highly supersaturated state were responsible for the stabilization effects. 19, 20 Therefore, gelatin can be used as a solid carrier and recrystallization inhibitor for a SMF of poorly watersoluble dutasteride.
Although gelatin inhibited the precipitation of dutasteride, the release of dutasteride from gelatin microparticles (G3 and G4) had a maximum dissolution of over 90% within 30 minutes and gradually decreased to about 71% at 120 minutes. Therefore, the effect of the hydrophilic additives Gelucire 44/14, poloxamer 407, sodium lauryl sulfate, Soluplus, Solutol HS15, and TPGS on the dissolution of dutasteride from the gelatin microparticle-containing SMF was investigated based on the G3 composition for further enhancement of drug release. As shown in Figure 4 , the dissolution profiles of dutasteride were significantly changed by addition of a hydrophilic additive. In particular, Gelucire 44/14 showed a decrease in maximum dissolution. Poloxamer 407, sodium lauryl sulfate, and Solutol HS15 did not influence drug release at 120 minutes. However, addition of Soluplus to the gelatin microparticle-containing SMF significantly enhanced the drug release at 120 minutes. Among the hydrophilic additives tested, the percent dissolution efficiency ranked by the Student-Newman-Keuls test was increased as follows: Gelucire 44/14 , no additive = poloxamer 407 = sodium lauryl sulfate = Solutol HS15 , TPGS , Soluplus (Table 2) . In this study, the most effective hydrophilic additive was Soluplus, followed by TPGS. Therefore, the effect of the amount of Soluplus on dissolution of dutasteride was further evaluated based on the G3 composition. As shown in Figure 5 , Soluplus had a synergistic effect on the dissolution of dutasteride from the gelatin microparticle-containing SMF in an amount-dependent dissolution manner. In particular, the complete dissolution of dutasteride was observed in G13 particles (containing 25 mg Soluplus) and dutasteride dissolution exceeded 95% at 
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Baek et al 120 minutes. Furthermore, the dissolution profiles of G13 particles were evaluated in different types of dissolution medium (pH 1.2, pH 4.0, pH 6.8, and water). As shown in Figure 6 , G13 particles showed a higher dissolution of over 90% in all types of dissolution medium, indicating that dutasteride release from G13 particles was not influenced by the pH of the dissolution medium. In fact, dutasteride has nonionizable groups with the pH-independent solubility profiles (pH 1-12). 21 However, the physical mixture exhibited an extremely low dissolution of less than 5% in all types of dissolution medium due to the poor solubility of dutasteride.
The oral absorption of dutasteride from the gelatin microparticles was evaluated in Sprague-Dawley rats. Figure 7 shows the plasma concentration-time profile of dutasteride after oral administration of the gelatin microparticle-containing SMF (G3 and G13) and the physical mixture at a drug dose of 2 mg/kg. The pharmacokinetic parameters (AUC 0→24h , C max , and time to reach C max ) are presented in Table 3 . As shown in Figure 7 , the plasma concentration of dutasteride after administration of G3 and G13 particles was dramatically higher than that after administration of the physical mixture, with sustained increases up to 6 hours. However, the G3 and G13 particles exhibited a rapid drug absorption rate. In addition, the G13 particles caused a higher plasma concentration of dutasteride over 12 hours than the G3 particles. Expectedly, the pharmacokinetic parameters (AUC 0→24h and C max ) for the G13 particles were higher than that for the other formulations (P,0.05). In particular, the G13 particles exhibited a higher bioavailability than the physical mixture and the G3 particles, with approximately 4.5-fold and 1.3-fold increases in AUC 0→24h . Therefore, the oral absorption of dutasteride was significantly increased by the gelatin microparticle-containing SMF combined with Soluplus.
In general, when SMFs consisting of oil, surfactant, and/ or cosurfactant (cosolvent) are placed in an in vitro dissolution medium or in gastrointestinal fluid in vivo, homogeneous oil-in-water microemulsions form spontaneously with mild agitation. However, a gradual decrease in the amount of drug dissolved occurs due to a reduction in the solubilizing capacity by dilution of the SMFs in the in vitro dissolution medium or gastrointestinal fluid. 22 Therefore, precipitation of the dissolved drug in a supersaturated state as induced by SMFs is prevented. Hydrophilic additives can control the precipitation of poorly water-soluble active pharmaceutical ingredients from a supersaturated state. Inhibition of precipitation from a supersaturated state by a SMF may be due to inhibition of drug nucleation and crystal growth by blocking the active surface and providing steric stabilization, and to specific interactions between the drug and hydrophilic additives such as hydrophobic interactions or hydrogen bonding. [23] [24] [25] In this study, gelatin acted as a solid carrier and recrystallization inhibitor for the SMF of dutasteride. The dissolution and oral bioavailability of dutasteride from the gelatin microparticle-containing SMF was further enhanced by addition of the surfactant Soluplus. This effect might have been due to the increased dissolution property via the prolonged supersaturated state of dutasteride as induced by the combination of gelatin and Soluplus.
Conclusion
The present study was carried out to develop an oral drug delivery system for dutasteride using a gelatin microparticle-containing SMF. Gelatin played a critical role in solidification of the liquid SMF as well as in inhibition of drug precipitation from the supersaturated state induced by 
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Dutasteride-loaded gelatin microparticles the SMF. Based on the in vitro dissolution data and the in vivo pharmacokinetic parameters, the enhanced dissolution properties of dutasteride led to increased oral absorption by the combination of the gelatin microparticle-containing SMF and Soluplus. Taken together, the gelatin microparticlecontaining SMF is an effective oral drug delivery system for the poorly water-soluble therapeutic dutasteride.
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